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Abstract: Piezoelectric nanogenerators can convert energy from ambient vibrations into electrical
energy. In the future, these nanogenerators could substitute conventional electrochemical batteries to
supply electrical energy to consumer electronics. The optimal design of nanogenerators is fundamental
in order to achieve their best electromechanical behavior. We present the analytical electromechanical
modeling of a vibration-based piezoelectric nanogenerator composed of a double-clamped beam
with five multilayered cross-sections. This nanogenerator design has a central seismic mass (910 pm
thickness) and substrate (125 um thickness) of polyethylene terephthalate (PET) as well as a zinc
oxide film (100 nm thickness) at the bottom of each end. The zinc oxide (ZnO) films have two
aluminum electrodes (100 nm thickness) through which the generated electrical energy is extracted.
The analytical electromechanical modeling is based on the Rayleigh method, Euler-Bernoulli beam
theory and Macaulay method. In addition, finite element method (FEM) models are developed
to estimate the electromechanical behavior of the nanogenerator. These FEM models consider air
damping at atmospheric pressure and optimum load resistance. The analytical modeling results
agree well with respect to those of FEM models. For applications under accelerations in y-direction of
2.50 m/s? and an optimal load resistance of 32,458 (), the maximum output power and output power
density of the nanogenerator at resonance (119.9 Hz) are 50.44 uW and 82.36 W/m?, respectively.
This nanogenerator could be used to convert the ambient mechanical vibrations into electrical energy
and supply low-power consumption devices.

Keywords: double-clamped multilayered beam; bending resonant frequency; Euler-Bernoulli beam
theory; Macaulay method; piezoelectric nanogenerator; Rayleigh method

1. Introduction

The world population growth and technological development have increased the energy
consumption through electronic components and devices. For instance, the world population
will use approximately 25 billion devices in the following years [1]. These devices will need sources
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of electrical energy that do not cause environmental contamination. For this, the conventional
electrochemical batteries are not suitable due to their toxic materials that may generate ambient
damage. In addition, the electrochemical batteries have large volume, which may increase the size
of the electronic devices. Additionally, these batteries have short operating times that interrupt
the supply of electrical energy to the devices. In order to substitute these batteries, the micro and
nanogenerators can be employed to obtain electrical energy from ambient vibrations or mechanical
motions such as vehicles vibrations, human body motions, buildings vibrations, water wave motions,
and wind sources [2-11]. These micro and nanogenerators can use different transduction mechanisms:
electromagnetic, electrostatic, triboelectric, thermoelectric or piezoelectric [12-25]. In comparison
with electrochemical batteries, the micro and nanogenerators have advantages such as sustainability,
renewability and flexibility [26]. These devices can use specific conditioning circuits as diode-bridge
rectifiers to charge capacitors to direct current (DC) voltage. In the design phase, the performance of the
micro and nanogenerators can be estimated using analytical electromechanical modeling. By using this
modeling, the designers can determine the better geometrical configurations, materials and dimensions
of the micro and nanogenerators for each specific application. Furthermore, the output voltages of
the micro and nanogenerators can be increased when they are designed to operate at resonance with
similar frequencies to those of ambient vibrations or mechanical motions. Thus, the values of main
design parameters of the micro and nanogenerators can be modified using analytical electromechanical
modeling to increase their output voltage and power. However, small variations in the different layers
and cross-sections of the micro and nanogenerators can affect their performance at resonance. To obtain
better estimations about the performance of these devices, the analytical electromechanical modeling
should consider all their layers and variations along the cross-sections.

Commonly, the piezoelectric micro and nanogenerators have been investigated to convert kinetic
energy from vibrations or mechanical motions into electrical energy [27-34]. This is due to the simple
fabrication process, ease of application, and high power density of the piezoelectric materials [35,36].
In order to increase the power density of these devices, their structures could be designed to operate at
resonance. For this, the fundamental resonant frequency of the micro and nanogenerators must match
with that of ambient vibrations or mechanical motions. Thus, the development of electromechanical
models for nanogenerators are required to determine their best geometrical configurations and
materials. Some researchers have reported analytical electromechanical models for piezoelectric micro
and nanogenerators [37-40]. Martinez-Cisneros et al. [37] presented the analytical electromechanical
modeling of a piezoelectric microgenerator with T shape for applications in domestic washing
machines. This modeling considers a resonator with two different multilayered cross-sections, but
it is only suitable for single-clamped beams. In addition, Elvira-Hernédndez et al. [38] registered
the analytical electromechanical modeling of a piezoelectric microgenerator with three different
multilayered cross-sections for air conditioning vents in office buildings. Although, this modeling is
applied to a microgenerator based on single-clamped beam. On the other hand, Qin et al. [39] reported
an analytical electromechanical coupling model of a bridge-shaped piezoelectric microgenerator
using the two-dimensional nonlinear Euler-Bernoulli beam theory and Hamilton principle. This
model adequately predicts the voltage generated by the device; however, it is limited to uniform
cross-sections with two layers and a seismic mass. Abdelkefi and Barsallo [40] established the
analytical electromechanical model for a piezoelectric-magnetoelastic microgenerator formed by a
single-clamped beam with a magnet mass located on the beam tip. However, this model is only suitable
for single-clamped beams with two uniform cross-sections and two layers. Here, we propose the
analytical electromechanical modeling of a piezoelectric nanogenerator formed by a double-clamped
beam with five cross-sections, including its flexible substrate, two electrodes, a piezoelectric film,
and a seismic mass. This model was obtained using the Rayleigh method, the Euler-Bernoulli beam
theory and the Macaulay method. Additionally, the quality factor of the nanogenerator due to the
air damping is calculated. Based on the electromechanical model, the dimensions of the piezoelectric
nanogenerator can be adjusted to modify its first bending resonant frequency, deflections, and output
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power. Thus, the best dimensions of the nanogenerator can be selected to improve its performance for
each potential application. The nanogenerator is designed with a flexible substrate (125 um thickness)
of polyethylene terephthalate (PET), two electrodes (100 nm thickness) of aluminum, a piezoelectric
film (100 nm thick) of zinc oxide (ZnO), and a central seismic mass (910 um thickness). Moreover, finite
element method (FEM) models of the nanogenerator are developed to predict its electromechanical
performance. This device at resonance (119.9 Hz) can generate a maximum output power of 50.44 uW
under acceleration in y-direction of 2.50 m/s?, and an optimal load resistance of 32,458 Q). An array
of these nanogenerators with diode-bridge rectifiers can be used to charge capacitors to DC voltage.
This electrical charge could supply low-power consumption electronic devices.

This work is organized as follows: Section 2 includes the description of the analytical and FEM
models of the piezoelectric nanogenerator to determine its first bending resonant frequency, out-plane
displacements and output voltage. Section 3 depicts the results and discussions of the analytical and
FEM models. Finally, Section 4 reports the conclusions and future research work.

2. Analytical Modeling of the Nanogenerator

In this section, we present the modeling to estimate the electromechanical behavior of the
piezoelectric nanogenerator. In addition, the quality factor and air damping at atmospheric pressure of
the nanogenerator are obtained.

2.1. Design

A piezoelectric nanogenerator (Figure 1) is designed to convert the energy from mechanical
vibrations into electrical energy. For instance, the mechanical vibrations of office desks (120 Hz) [41]
could be transformed into electrical energy using the proposed nanogenerator. Thus, an array of
nanogenerators with diode-bridge rectifiers could charge capacitors to DC voltage. This voltage could
supply low-power consumption devices. This nanogenerator can be collocated on the bottom side
of office desks (e.g., bottom side on an electronic display at smart office desks). The proposed
nanogenerator has a double-clamped beam with five cross-sections, as shown in Figure 2a,b.
A double-clamped beam with a central seismic mass is selected to take advantage of two stress
concentration surfaces generated near both fixed ends of the beam [42], in where the piezoelectric
layers are located. In addition, the double-clamped beams can provide a better stable and reliable
operation than cantilevered structures [43]. This beam includes a PET flexible substrate (52 mm x
14 mm X 125 pm) with a PET seismic mass (38 mm X 14 mm X 910 pum), a ZnO layer (4 mm X 14 mm X
100 nm) located on each end of the beam, and two aluminum electrodes (4 mm X 14 mm X 100 nm)
between each ZnO layer. The aluminum electrodes are chosen due to their good adherence with the
PET and ZnO layers, which can decrease the delamination of these layers during the nanogenerator
operation [44]. ZnO layers do not contain toxic materials and they can undergo large deformations for
long periods. In addition, ZnO layers do not require a subsequent polarization process [45,46].
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Figure 1. Isometric view of a piezoelectric nanogenerator located at the bottom side of an electronic
display at a smart office desk.
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Figure 2. (a) Top view and (b) front side view (not to scale) of the different layers of the

piezoelectric nanogenerator.

The Rayleigh method [47,48] is used to estimate the first bending resonant frequency of the
double-clamped beam with multilayered cross-sections of the nanogenerator. The device is divided
into five sections with a different number of layers (Figure 3). Each section has mth, nth, pth, gth and
rth layers, which have symmetry on the x-y plane. Figure 4 depicts a schematic view and nomenclature
of the different layers of the jth cross-section of the nanogenerator. In order to simplify the analytical

model, the layers of the nanogenerator are assumed as homogeneous and isotropic.

1st section

. 2nd secti
with m layers o

with n layers

3rd section
with p layers

4th section
with q layers

5th section
with r layers

Figure 3. Schematic view of the piezoelectric nanogenerator with five multilayered sections.
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Figure 4. Schematic view of the layers located on the jth section of the piezoelectric nanogenerator.
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The elastic centroid (as;) of the jth section of the piezoelectric nanogenerator can be calculated
as [49]:

k
(ES)S]. ffAS]_ Esj]/sj(x)dydz 1 igl EiSjbiSjtiSj[(hiSj + h(i—l)Sj)]
- =2 (1)
EA)s; Egidyd 2 q
s ffASj I Z] Eisjbisjtis;
=

ﬂsj =

where Ejs; is Young’s modulus of the ith layer in the jth section, /;_1)s; is the distance from bottom
side of the first layer to the top side of the (i — 1)th layer of the jth section, h;g; is the distance from the
bottom side of the first layer to the top face of the ith layer of the jth section, b;s; and t;5; = hs; — h(i-1)sj
are the width and thickness of the ith layer located in the jth section. The parameter k is the number of
layers in each one of the five sections (k = m, n, p, q, r) and Asj is the area of the jth section.

The elastic centroid of each section is used to calculate its bending stiffness (EL;)s; as [50]:

k
(EL)s Z (Eilzi)s ff Esjysj(x)dy = 32551 isj] (hisj = “SJ) = (B(i-1)s ”51)] &)
i=

Based on the Rayleigh method, the maximum kinetic (K;;) and potential (P,;) energies of the five
sections are determined as:

2
d d
Py ((Elz)sl | Zfz(")) xR, [ 2432

Lios [ 45, (%) 2 Lios [ 4%Ys, (%) > 3
+<EIZ>S3 L12 dx2 dx+ (EIZ)S4 L123 T dx ( )

0 2
+ (EIZ) L12345 ( d Zisjz(x) ) dx]

S5JL1934

m L n
Kin = %((Zl Pislbislfz‘sl)fo " (s, (x)) dx+(2 pisybis, 152)£ (ys, (x))dx

4 L

+(Z‘1 piSSbiSStiSS)ﬁllza (y 3( )) dx+(z p154 iS4 154) L 234 (yS4 (x))de (4)
r L

+(E1 pis5bi55fis5) [ (yss (x)) dx)

where Lip =Ly + Ly, L123 =L +L,+ L3, L1234 =L;+L, + L3 + Ly and L12345 =L +L,+ L3 + L4+ L5.
Furthermore, ys; is the static deflection of the jth section and p;s; is the density of the ith layer in the
jth section.

Applying the conservation of energy (P, = Kj;;), we obtain the resonance frequency as:

1 [P,
=55 ©)

The Equations (3) and (4) need the values of deflections (ys;) of the five sections of nanogenerator.
We consider an initial deflection of the nanogenerator equal to zero. After, the deflections of the
nanogenerator can be calculated using the Euler-Bernoulli beam theory [51]:

9?ys, (x)
(ELy)s, a—le =Ms, (x), 0<x <Ly (6)
32]/52 (x)
(EIZ)SZ —8x2 = M52 (x), L] <x< L]z (7)

2
x
(EIz)SST = Ms,(x), L1 <x <L 8)
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ys, (%)
(Elz)54a—3§2 = Ms, (x), L12s <x < L1234 )

Pys, (x)
(EIz)g5a—;2 = Ms;(x), L123s < x < Lioass (10)

where Mg; is the bending moment of the jth section.
The boundary conditions for each one of the sections of the nanogenerator are given by:

y1(0) =0, ayalio) =0 (1)

y1(L1) = y2(L1), 9y1a(xL1) = 3y3(xL1) (12)
v2(L12) = y3(L12), 8y23(£12) = 8‘%3(3[;12) (13)
y3(L123) = ya(L123), &%(31;23) = 8y4;i123) (14)
ya(L123a) = y5(L12zs), 9y4(aLx1234) = 9]/5%;234) (15)

The bending moment is determined by integrating twice the load function (F (x)) and applying
the Macaulay method [52].

F(x) = —Mo{x—0)"2 4 Ro{x—0) 1 —ws, (x — 0)° + ws, (x — L1)" — ws, (x — L1)°
Faws,(x = L12)" — s, (x — L12)° + ws(x — L123)° — ws, (x — L123)°
+aws, (¢ = L123a)” — s, (x — L1234)° + @sg(x — L12345)° + Ry (x — L1p345) "
+M;(x — Lizas) 2

(16)

Considering the integration rules of the Macaulay functions, the shear load function V(x) is
obtained by integrating Equation (16):

V(x) = —Mo(x—0)""+ Ro(x = 0)° — ws, (x = 0)! + ws, (x — L1} — ws,(x = L1)!
+ws,(x = L)' — s, (x — L)' + wsy(x — L1oa)! — ws, (x — Ling)! + ws, (x — Lioza)'  (17)
—ws5(x — L134)" + @s(x — L12aas)' + Ry(x — L1sas)” + My (x — Lioaas) ' + Cy

Next, bending moment function M(x) is calculated by integrating the Equation (17):

M(x) = ~Mo(x =0+ Ry(x - 0)' = Jaws (x = 0% + Jws, (x — L1)? = Jaws, (x — L1 )
+3ws, (¢ = L12)* = Jws, (x — L12)* + Sws, (x — L123)* — Jws, (x — L123)*
+1ws, (¢ = L123a)? — Jws, (x = L123a)” + Fws, (x — L1o3a5)* + Ri{x — L1oaas) !
+Mi{x — Lip345)° + C1x + Co

(18)

The integration constants (C; = 0 and C, = 0) of Equations (17) and (18) are defined with the
boundary conditions V(0) = Ry and M(0) = M.

Due to the symmetry of the nanogenerator with respect to y-z plane (Figure 5), their bending
moment and reaction force in each clamped support have the same value (My = M; and Ry = Ry).
Moreover, the weight per unit length of sections 1 and 2 are equal to those of sections 5 and 4 (wg; =
wgs and wgy = wgy), respectively. To determine the reaction force (Rg) on a clamped support and the
weight per unit length (ws;) of all the sections of the nanogenerator, we use the following Equations:

5
1
RQ = Z Ea)stsj (19)
i=1
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5
wg; = Z{ pis;&Dis; tis; (20)
i=

where g is the gravitational acceleration.

Figure 5. Schematic view of the different load types of the nanogenerator.

The bending moments of the five multilayered sections of the nanogenerator are obtained through
Equation (21):
ForO<x<Lq
1
Ms, (x) = =Mo(x = 0)° + Ry(x = 0)' = s, (x = 0)? (21)

ForL; <x <Ly
M = -My(x—0" +R 0y — & 02 4 X L2 1 2
5,(x) = —=Mo{x = 0)" + Ri{x - 0) _5w51<x_ ) +§wsl<x— 1) —Ewsz(x—Lﬁ (22)

For le <x< L123

Msy(x) = ~Molx = 0)° + Ry¢x — 0)! = jws, (x = 0)* + jws, (x = L1)* = Jws, (x — L1)?
1 2 1 2 (23)
+5ws,(x — L12)” — 5ws,{x — L12)
For L123 <x< L1234
Ms,(x) = —Mo(x—0)° + Ry¢x = 0)! = Lows, (x = 0)* + s, (x — L1)* - s, (x — L1)? 24
+3ws, (x = L12)* = Jws, (x — L12)? + $ws, (x — L123)* — Jws, (x — L123)*
For L1p34 < x < Li2345
Ms,(x) = —Mo(x —0)° + Ry¢x = 0)! = Lows, (x = 0)? + s, (x — L1)* = ws, (x — L1)?
+iws,(x —Lin 2 Tws (x— Lip)* + Tws (x — Lip 2 - Tws, (x - Lip3)? (25)

1 271 2
+5ws,{x — L1234)" — 5ws5{x — L1234)

To obtain the static deflections (ys;) in each section of the nanogenerator, Equations (21)-(25) are
substituted into Equations (6)-(10)and integrated using Macaulay’s function integration rules [52].
Next, the integration constants are obtained using the boundary conditions of Equations (11)—(15).
Thus, the static deflection of the five sections of the nanogenerator:

ForO0<x <L

1
(EL)s,

1 1
yoi(x) = -3 Motx =0 + 2Ry =07 - s, (v - 05| (26)
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ForL{ <x <Ly

ys,(x) = (E,Z) [~3Motx = 0% + ERo(x = 0)° = s, (x = 0)* + Fws, (x — Ly)*

(27)
24a)52(x — L] + Cax + Cy
Integration constants C3 and C4 are shown in Appendix A.
ForLip <x < L123
ys; (x) = EIZ [ FMo (x = 0)* + §Ro(x = 0)° = Jraws, (x = 0)* + jraws, (x = L1)* 28)

— s, (v = L) + s, (= Lin — s, (x - Lyo)*| + Csx + Co

Integration constants Cs and Cy are shown in Appendix A.
For L123 <x< L1234

vs: () = T [~3Mo (x = 0 + FRo(x = 0)° = Fws, (x = 0 + Fgws, (x = L)

24a)52<x L) + ws, (x — Lio)* — ws,(x — Lio)* + Zws,(x — L1oa)* (29)
— 2105, (x = Lios)*| + Crx + C

Integration constants C; and Cg are shown in Appendix A.
For Ly3q <x < L1245

yss(0) = o [2M0<x 0)? + 2Ro(x = 0)°* = s, (x = 0)* + Lws, (x— L1)*
4w52(x L)t + 4a)52(x Lp)* - 4a)53<x Lip)* + Lws,(x — Ling)* (30)
— S ws, (x — Ligg)* + % ws, (x — Ligaa)* — s (x — L123as) ]+C9X+C10

Integration constants Cg and Cyy are shown in Appendix A.
The bending moment on the left support (M) of the nanogenerator is calculated using the
following boundary condition of deflection y5(x) in the right clamped support:

y5(L123s5) =0 (31)

My = —%(7@ (EL),, (EL)g,ws, + L3(EL ), (EL)g,ws, + 3L5L3(EL ), (EL)5,ws,
+6L3L3(EL ), (EL:)g,ws, + 3L5L3(EL ), (EL)gywsy + 12L3(EL), (EL ) g, Liws,
+9L3(EL),, (EL), Liws, + 3L3(EL ), (EL), Liws, + 3LoL3(EL ), (EL),ws,
+3LoL3(EL ), (L), ws; + 6LoL3(EL ) (EL) , Liws, + 6L2L3(EL ), (EL)g Liws,
+6L2L3(EL)s, (El;)g, Liws, + 6LaL3(EL)q, (EL)g, Liws, + 6L (EL) (EIZ)SSLla)S]
+12L2(EIZ)52(E1Z)53L§%1 + 3L (EL), (JEIZ)S3L§MS2 +3La(EL),, (EL ), Liws,
+L§(EIZ)51(EIZ) Wsy + 3L§(EIZ)51(EIZ)52L1“)51 + 3L§<EIZ>52(EIZ)53L15‘)S3 (32)
+3L3(EL)s, (EIZ)SZL%wsl + 6L3(EL)s, (512)53L§w51 + 3L3(EL),, (EIZ)S3L1a)53
+7(EL)s, (EL) g, L3ws, + (EL)s, (ELy ), Lws; = 12L3(EL ), (EL:)s,Ro
—6L2L3(EL);, (EI;),Ro — 6LoL3(EL ), (EIZ)S3R0 —12Ly(EL),, (EL),L1Ro
—12L5(EL),, (EL),,L1Ro = BL3(EL, ), (EL),,Ro — 6L3(EL), (EL),,L1Ro
—6L3(EL),, (EL),,LiRo — 12(1912)52(1EIZ)S3L§RO)/(2L2(EIZ)Sl (EL),,

+Ls (EIZ)sl (EIZ)SZ + Z(EIZ)SZ (EIZ)Sg,Ll)

The first bending resonant frequency of the nanogenerator is obtained by substituting Equations (3)
and (4) into Equation (5). Table 1 depicts the geometric parameters of the different layers of the
nanogenerator used in the analytical model. In addition, the moments and reactions of the two
clamped supports, weight per unit length and bending stiffness for each section are indicated in Table 2.
Considering the values of these parameters shown in Tables 1 and 2, we determined the first bending
frequency of the nanogenerator to be 110.94 Hz.
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Table 1. Geometric parameters of the different layers of the piezoelectric nanogenerator.

Geometric Parameter Magnitude
Ll = L5 4 mm
L2= L4 3 mm
L3 38 mm
t1s1 = tas1 = t3s1 = t1s5 = tag5 = f3s5 100 nm
tas1 = tasy = tas3 = tags = tass 125 pm
t553 910 Hm
hs1 = hss 100 nm
has1 = hass 200 nm
h3s1 = h3ss 300 nm
hys1 = hagy = hyg3 = hysq = hyss 125.3 um
h553 1035.3 Hm

Table 2. Values for the bending moments, support reactions, weight per unit length and bending
stiffness for each section of the piezoelectric nanogenerator.

Parameter Magnitude
My =M, 14.5893 x 107° Nm
Ro =R, 39499 x 1073 N
ws1 = wss 24.1883 x 1073 N/m
wgy = Wy 24.0345 x 1073 N/m
ws3 199.0056 N/m
(EL)s1 = (EL)ss 6.8714 x 1076 Nm?
(EL)s2 = (ELz)s4 5.4687 x 1076 Nm?
(El)s3 3.1044 x 10~3 Nm?

2.2. Finite Element Method (FEM) Models

FEM models are developed to predict the first resonant frequencies and vibration modes (modal
analysis) of the nanogenerator. The deflection and mechanical stress of the nanogenerator are obtained
through static structural analysis with the FEM models. Finally, the dynamic deflection, normal stress
and output power are estimated by means of a harmonic response analysis. Figure 6 shows the mesh
of the FEM model of the nanogenerator. Tables 3 and 4 indicate the mechanical properties of the
materials of the nanogenerator used in the analytical and FEM models. The mesh of the nanogenerator
is performed with 20-node hexahedral SOLID186 elements.

Figure 6. View of the mesh used in the finite element method (FEM) models of the
piezoelectric nanogenerator.
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Table 3. Properties of the piezoelectric nanogenerator used in the analytical and finite element method
(FEM) models [44].

Material Property PET Aluminum ZnO
Young modulus E (GPa) 24 71 137
Density p (k/m3) 1400 2770 5665
Poisson ratio v 0.36 0.33 0.34

Table 4. Zinc oxide (ZnO) piezoelectric matrices used in the FEM models of the piezoelectric
nanogenerator [44].

ZnO piezoelectric stress matrix (e)

0 0 ~0.570878
0 0 ~0.570878
0 0 0.428446 c
le] = 0 0 0 n?
0 ~0.480816 0
—0.480816 0 0

6x3
ZnO piezoelectric dielectric matrix (&) under the constant strain.

757 0 0
e]=| 0 757 0
3%3

0 0 831

In the modal analysis, the first four vibration modes and resonant frequencies of the nanogenerator
are obtained. Figure 7a depicts the first bending vibration mode of the nanogenerator, which occurs at
119.9 Hz. This value has a relative difference of —8.07% with respect to that of the analytical model.
The second vibration mode has a torsional phase and a resonant frequency of 144.49 Hz (Figure 7b).
The third (Figure 7c) and fourth (Figure 7d) vibration modes of the nanogenerator have resonant
frequencies of 224.26 Hz and 1127.3 Hz, respectively. In Figure 7a—d, the scale bar indicates the
normalized displacements of the nanogenerator.

The piezoelectric nanogenerator is designed to operate at atmospheric pressure and its damping

ratio is given by:
1

C= 33
20 (33)
where Q, is the quality factor of the nanogenerator and it can be estimated using [53-55]:
2 hb
Qo = 5 d (34)

3[uo/ fr + (b/2) Nrpo(po/ f7)]

where b, hi, and p are the width, thickness, and density of the double-clamped beam, respectively,
to and p0 are the viscosity and density of air, respectively, and f; is the resonant frequency of the
double-clamped beam.

Based on Equation (33), the quality factor and damping ratio of the nanogenerator have values
of 99.98 and 5 x 1073, respectively. On the other hand, a load resistance must be considered in the
harmonic response analysis of the nanogenerator. This resistance is created through the CIRCU94
element available in the ANSYS software. The load resistor is connected between the upper and lower
aluminum electrodes, as shown in Figure 8. The optimum load resistance (R = 32,458 () is calculated
by [56]:

(35)
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where Cy, is the capacitance of the ZnO layer.

80833bL

(36)

The optimal resistance is required to determine the maximum power generated by the
nanogenerator. This optimal resistance is defined as [56]:

(37)

where V is the generate voltage.

Mode 2:
144.49 Hz

Mode 1:
119.9 Hz

D Min 0.000 15.000 30.000 (mm) 15,000 30.000 (mm)
]

4208 280 7.500 22500

Mode 3:
224.26 Hz

Mode 4:
1127.3 Hz

O Min 000 30.000 (mm) Ol min 0.000 15.000 30.000 (mm)
[ EEEEEaa—" |
7,500 22.500 7.500 22.500
(c) (d)

Figure 7. (a) First, (b) second, (c) third and (d) fourth vibration mode of the FEM models of the
piezoelectric nanogenerator.

Figure 8. Schematic view of the electrical connection of the load resistance between the upper and
lower electrodes of the piezoelectric nanogenerator.
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3. Results and Discussion

This section presents the results and discussion of the electromechanical performance of the
piezoelectric nanogenerator determined by the analytical and FEM models.

First, we determined the maximum deflections of the nanogenerator due to the static loads. An
initial deflection of the nanogenerator equal to zero is assumed. For this, both analytical and FEM
models considered the acceleration of Earth’s gravity along the y-axis. Figure 9 illustrates these
static deflections of the nanogenerator estimated by the analytical and FEM models. The deflections
calculated by the analytical model have similar responses to those of the FEM models.

== FEM model
=== Analytical model

'
—_—
(51}

Static deflection (pzm)

9
=3

0 4 8 12 16 20 24 28 32 36 40 4 48 52
Length of nanogenerator (mm)

Figure 9. Static deflection of the piezoelectric nanogenerator obtained using the analytical and
FEM models.

Next, a harmonic response analysis of the FEM model of the nanogenerator is studied considering
an acceleration of vibration along the y-axis on the office desk of 0.0879 m/s? [41]. Figure 10 depicts the
voltage and output power generated through the load resistance of the nanogenerator. This voltage
increases to a maximum value of 31.81 mV at the resonant frequency of 119.88 Hz. The maximum
output power (31.18 nW) is generated by the piezoelectric layer located close to the left support of the
nanogenerator. In addition, the two piezoelectric layers located on the two ends of the nanogenerator
can generate a maximum current of 1.96 uA, total output power of 62.36 nW and output power
density of 101.82 x 10~ W/m?3. Figure 11 shows the normal stresses along the axes x, y and z of the
nanogenerator. The normal stress in the x-direction registers the maximum value of 14.31 MPa when
the nanogenerator operates at resonance. This normal stress does not exceed the yield stress of ZnO
(412 MPa) and PET (54.5 MPa) [57,58].

In order to predict the output power of the nanogenerator under different acceleration amplitudes
in y-directions, four magnitudes of acceleration (1 m/s2, 1.5 m/s2, 2 m/s?, and 2.5 m/s?) along y-axis are
considered (Figure 12). Figure 12 illustrates the power generated by the piezoelectric layer of the left
end of the nanogenerator considering four different acceleration values. For the accelerations of 1 m/s?
and 2.5 m/s?, the output power of the nanogenerator at resonance can achieve values of 4.03 uW and
25.22 uW, respectively. Table 5 indicates the total output power and power density of the nanogenerator
considering its two ZnO layers under different accelerations. For applications under accelerations in
y-direction of 2.50 m/s?, the maximum output power and output power density of the nanogenerator at
resonance under acceleration of 2.5 m/s? are 50.44 W and 82.36 W/m?, respectively. On the other hand,
for applications with low accelerations in y-direction, the performance of nanogenerator decreases.
In addition, the maximum dynamic deflection and the normal stresses in x, y and z directions of the
nanogenerator are determined using a harmonic response analysis. Figure 13 depicts the maximum
dynamic deflections of the nanogenerator for each acceleration value. The maximum dynamic
deflection of the nanogenerator is close to 448 pm for an acceleration in y-direction of 2.5 m/s?. For this
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acceleration, the maximum normal stresses of the ZnO, PET, and aluminum layers are 407.09 MPa,
10.47 MPa and 204.23 MPa, respectively. These values do not overcome the yield stress of the ZnO
(412 MPa), PET (54.5 MPa) and aluminum (280 MPa) layers. The maximum normal stresses occur
on the ZnO layer close to the ends of the double-clamped beam. Figures 14—-16 show the maximum
normal stresses in x, y and z-directions of the ZnO layer. However, the maximum normal stress in
x-direction of the ZnO layer is close to its yield stress. To avoid the increase in this maximum normal
stress, we propone an over range protection of the maximum deflection of the nanogenerator (see
Figure 17). This over range protection is formed by two rigid structures that will limit the maximum
deflection in y-direction of the nanogenerator to 448 pm. These two rigid structures are composed
by two double-clamped beams, in which the upper beam will have a gap of 448 um with respect to
the outer surface of the seismic mass. On the other hand, the lower beam will have a gap of 448 pm
with respect to the bottom surface of the PET. Thus, the maximum deflection of the nanogenerator is
limited to 448 um, although the accelerations in y-direction overcome 2.5 m/s2. This can constrain the
maximum normal stress of the ZnO layer of the nanogenerator, keeping its operation safe.

B e

* Voltage at 0.0879 m/s’
30k = Output power at 0.0879 m/s?

N
2]
T

Voltage (mV)
]
)

Output power (nW)

—
o
L

W

e
o..'..
10 '.l R TR W [N N T T W SN W U U WU T W NN U W WU N_—_—"1

0
117 117.5 118 119 119.5 120

Figure 10. Voltage and output power generated by the nanogenerator considering vibrations
(0.0879 m/s?) along the y-axis at office desk (0.0879 m/s?).

15—
F ==Normal stress in x-direction
F * Normal stress in y-direction
F = =:Normal stress in z-direction
£
s 10
2
g
®
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L .'.......“..l......
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Figure 11. Maximum normal stresses of the nanogenerator considering an acceleration in y-direction of
0.0879 m/s? and a frequency range from 117 to 120 Hz.
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(=] [9)]

118.5
Frequency (Hz)

Figure 12. Maximum output power of the nanogenerator regarding four different accelerations in
y-direction and a frequency range from 117 to 120 Hz.

Table 5. Total output power and power density of the nanogenerator under different accelerations in
y-direction.

Acceleration Total Output Power Total Output Power Density
(m/s?) (W) (W/m?)
8.79 x 1072 62.36 x 1073 101.82 x 1073
1.0 8.06 13.16
15 18.14 29.62
2.0 32.28 52.71
2.5 50.44 82.36
Esoo:....,....,....,.........,....
2450F ——0.0879 m/s>
S a00f ® 1m/s’
..3 : ==1.5 m/s*
©350F © 2 m/s?
E 300 '_ mE=25 IIIIS2 "y
o 4 ‘."
'E 250F e
] 9 N A =
§200; ‘.'__.-.. o ‘ o
2150 e g ,('-"___, o
E 100 E"".‘-:u:;nn“uunﬂ"nnnnuunnn
ﬁ 50 -Eunnnnﬂu
= E I —
0

117 1175 118 119 119.5 120

118.
Frequer?cgz (Hz)

Figure 13. Maximum dynamic deflection of the nanogenerator considering four different accelerations
in y-direction and a frequency range from 117 to 120 Hz.
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Figure 14. Maximum normal stress in x-direction of the nanogenerator regarding four different
accelerations in y-direction and a frequency range from 117 to 120 Hz.
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Figure 15. Maximum normal stress in y-direction of the nanogenerator considering four different
accelerations in y-direction and a frequency range from 117 to 120 Hz.
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Figure 16. Maximum normal stress in z-direction of the nanogenerator regarding four different
accelerations in y-direction and a frequency range from 117 to 120 Hz.
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Overrange
protection

Figure 17. Cross-section view of the over range protection of the maximum deflection of the
piezoelectric nanogenerator.

The nanogenerator can use diode-bridge rectifiers to transform the alternating current to direct
current. Thus, one array of the designed nanogenerators can include diode-bridge rectifiers to charge
capacitors to DC voltage. Finally, this electrical charge could be applied to low-power consumption
electronic devices. Moreover, the designers can enhance the nanogenerator behavior for different
applications through the modification of its geometrical dimensions and materials. Additionally,
the output voltages and power of nanogenerators can be increased when they operate at resonance with
similar frequencies to those of ambient vibrations or mechanical motions. Therefore, the magnitudes
of main design parameters of the nanogenerators can be adjusted by employing electromechanical
models to increase their output voltage and power.

4. Conclusions

Analytical models to predict the first bending resonant frequency and deflections of a piezoelectric
nanogenerator with multilayered cross-sections were presented. This nanogenerator was formed
by a double-clamped beam composed of five sections with different layers. The nanogenerator
was designed with a flexible PET substrate, ZnO layer, aluminum electrodes, and a seismic mass.
The mechanical behavior of the nanogenerator was estimated using analytical models based on the
Rayleigh method, the Euler—Bernoulli beam theory and the Macaulay method. Additionally, FEM
models of the nanogenerator were used to predict its electromechanical behavior. The results of the
mechanical behavior of the nanogenerator determined by the analytical models agreed well with
respect to those of the FEM models. The first bending resonant frequency of the nanogenerator
calculated with the analytical model had a relative difference of —8.07% in comparison to the FEM
model. The nanogenerator can be used to convert the ambient mechanical vibrations under different
accelerations into electrical energy. This electrical energy can be used to supply low-power consumption
electronic devices. In addition, several nanogenerators can be used with diode-bridge rectifiers to
charge capacitors to DC voltage. Furthermore, an over range protection of the maximum deflection of
the nanogenerator was proposed to keep its safe operation during high accelerations.

Future research work will include the fabrication and characterization of piezoelectric
nanogenerators and their implementation in potential applications.
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Appendix A

This appendix shows the integration constants (C3, C4, Cs, Cg, Cy, Cg, Co, and Cyg) of the static
deflections of the piezoelectric nanogenerator, which were determined by proposed analytical modeling.
Integration constants C3 and Cy of the static deflection (ys») of the nanogenerator:

Cy = %W(le ((EL), L2ws, — (EL),L2ws, = 3(EL), L1Ro

(A1)
+3(EL),,L1Ro + 6(EL ), Mo — 6(EL),Mo))

Cy = _im(ﬂ(s(ﬂz)ﬁq% — 3(EL),,L2ws, — 8(EL), L1Ro

(A2)
+8(EL),,L1Ro + 12(EL), Mo — 12(EL),,Mp))

Integration constants Cs and Cg of the static deflection (ys3) of the nanogenerator:

S GAmGANGAM

s (LB(EL),, (EL) s, =~ L3(EL),, (ELL), s,
+3L3(EL),, (EL), L1w51—3L2(EIZ) (EL) g Liws, +3La(EL ), (EL),, 1@51
—|—3L2(EIZ)81(EIZ) L1w51—3L (EL), (EL)g Liws, + 3La(EL ) (EL),, L 10)51

S(EL),, (EL) Lla)sl 312 (EIZ)S (EL)g,Liws, +3La(EL )s1< L), Liws,

-3L5(EL),, (EL) ,L2ws, + (EIZ) (EIZ)SZL?CUSI—(EIZ) (EL),L
-3L2(ElL),, (EI),,Ro + 3L3 (Elz)l(EIZ) —6Ly(EL),, (EL)s,L1Rg
+6La(EL ), (El:)s,L1Ro = 3(EL ), (EL), L2R0+3(EIZ) (EL),,LIRo
+6L2(EL ), (EL), LM0—6L2(EIZ)51(EIZ) L2My + 6(EL);, (EL)s,L1Mo

I

- 6(EIZ)52 ( 2)53 1M0)

51
52
S

(A3)

CL)S1

Co = _Z}qm(w(m) (EL)g,ws, —3L4(EL), (EL), ws,

+8L3(EIZ)51(EIZ) Lla)51+4L3(EIZ) (EL), Llwsz—SLg(EIZ)Sl(EIZ)S3L1w51
—4L3(EIZ)51(EIZ) L1w52+18L2(E12)1(EIZ)SQL§wSI—18L§(EIZ)51(EIZ) Liws,
+12L5(EL), (EL), L3ws, = 12Lo(EL ), (EL) g, Liws, + 3(EL),, (EL),,Liws,
_3(EIZ) (E 1

)

( $3771 2771
z)s

—24L2(EIZ o (EL2), L1R0+24L2(EIZ)S (EL), LlRo—2414(1512)51(1512)52 2
( )s,L
(

51

Liws, —8L5(EL), (EL),Ro + 8L3 (EL), (EL:).,Ro (A4)
+24L5(EL),, (EL)5,L3Ro = 8(EL);, (EL )5, L3Ro + 8(EL ), (EL),,L{Ro
+12L5(EL 5 EIZ)52M0—12L2(EIZ) (EL,) 3M0+24L2(EIZ)
~2415(EL),, (EL),,LiMo + 12(EL),, (EL),, LMo — 12(EL,)

)Sl
) N 1 L1Mo

( )
Z(EIZ)Sa 1 )

Integration constants C; and Cg of the static deflection (ys4) of the nanogenerator:

Cy = —%m(3L§L3(EQ)Sl(Elz)SZwSZ —3L3L3(EL),, (EL),ws,
+3LoL3(EL ), (EL),,ws, = 3LoL3(EL), (EL)q,ws, + 6L2L3(EL ), (EL)g,Liws,
—6LoL3(EL ), (ELy)g, Liws, + L3(EL), (EL),,ws, — L3(EL), (EL),ws,
+3L3(EL),, (EL), Liws, —3L3(EL);, (El:),, Liws, + 3L3(EL) (El:), Liws,

271
—3L3(EL), (EL),,[2ws, — (EL), (EL), L3ws, + (1512)52(1512)53L1w51 (A5)
—6LoL3(EL ), (EL),,Ro + 6LoLs(EL),, (EL ), Ro — 3L2(EL), (L), Ro
+3L3(EL ), (EL),,Ro — 6L3(EL ), (EL), L1Ro + 6L3(EL), (EL); L1Rg
+3(EL),, (El:)y,LRo = 3(EL),, (EI:),,L2Ro + 6L3(EL), (EI:),,Mo

—~6L3(EL),, (EL),Mo - 6(EL), (EL),,LiMo + 6(EL),, (EL ), L1Mo)
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Cs

= GA) (EIZ (12L3L5(EL ), (EL),,ws, — 12L3L3(EL), (EL), s,

)92 (EIZ)53
+18L2L2(E[Z)Sl (EL),,ws, = 18L5L3(EL ), (EL:)y,ws, + 24L3L3(EL), (EL),,Liws,
+12L3L3(EL ), (ELy)g, Liws, — 241513 (EL ) (ELy),, Liws, — 12L5L3(EL ), (L), Liws,

1
+8LoL3(EL ), (EL)g,ws, + 4LoL3(EL ) (EL )5 ws, — 8LoL3 (EL ), (EL) ,ws,
_4L2L§(EIZ) 5 (1512)536053 + 241513 (EL), (EL),, Liws, 4+ 121,L3(EL ), (EL)y, Liws,
—241513(EL),, (L), Liws, = 12LoL3(EL), (EL ), Liws, + 36L2L3 (EL ), (EL), Liws,
=36LoL3(EL ), (EL:)s, Liws, + 3L5(EL),, (EL),,ws; = 3L3(EL),, (EIZ)53w53
—4L3(EL),, (EL),Liws, + 18L3(EL), (EL) Lza)Sl - 18L3(EL);, (EL), Liws,

$21 531
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—24L3(EL), (EIZ) L1Ro + 24L3(EL ), (EI:),L1Ro — 24L3(EL ), (L), L7Ro
+24L3(EL), (EL); LZRO +8(EL),, (EL),L{Ro = 8(EL),, (EL), L3Ro
+2415L3(EL),, (EIZ )s,Mo = 24LoL3 (EL ), (EL)s,Mo + 12L3(EL) (EL:),,Mo
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Integration constants Cg and Cy of the static deflection (ys5) of the nanogenerator.
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Cyo =

References
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